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S. A. Philips,11 N. Pivnyuk,16 D. Počanić,34 O. Pogorelko,16 E. Polli,13 S. Pozdniakov,16 B. M. Preedom,31 J.W. Price,2,26
Y. Prok,34 D. Protopopescu,21 L. M. Qin,24 B. A. Raue,9,33 G. Riccardi,10 G. Ricco,14 M. Ripani,14 F. Ronchetti,13,29
P. Rossi,13 D. Rowntree,20 P. D. Rubin,28 F. Sabatié,30 K. Sabourov,7 C. Salgado,22 J. P. Santoro,35,33
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Differential cross sections for p ! p have been measured with tagged real photons for incident
photon energies from 0.75 to 1.95 GeV. Mesons were identified by missing mass reconstruction using
kinematical information for protons scattered in the production process. The data provide the first
extensive angular distribution measurements for the process above W  1:75 GeV. Comparison with
preliminary results from a constituent quark model support the suggestion that a third S11 resonance
with mass 1:8 GeV couples to the N channel.
DOI: 10.1103/PhysRevLett.89.222002 PACS numbers: 13.60.Le, 14.20.Dh, 14.20.Gk, 14.40.Aq
Much effort is being directed at more fully understand-
ing the internal structure of the proton and neutron. An
important tool in this effort is the spectroscopy of their
excited states, the N resonances. Results to date [1] have
come from a variety of analyses of 	N and N experi-
ments, including traditional Breit-Wigner fits [2,3] and
more sophisticated global, unitary fits [4,5]. More re-
cently, others have begun to use the measured N proper-
ties to probe the internal structure of the states in terms of
constituent quarks. Such models explain a significant
body of data in terms of quark effective degrees of free-
dom [6]. Additionally, full quantum chromodynamics
calculations of N properties on a lattice are underway
[7]. Although these methods describe many types of data,
uncertainty about resonance properties and structure re-
main. An unambiguous understanding of the N reso-
nances demands more extensive measurements.
The challenges presented in understanding nucleon
structure are large, in part due to the complexity of this
strongly interacting system and to the presence of many
broad and overlapping resonances. Of particular interest
in investigating nucleon structure, then, are probes that
help isolate individual states and ascertain the impor-
tance of specific contributions. Since the electromagnetic
interaction is so well understood, electromagnetic probes
offer one of the more insightful methods for studying the
nucleon. The photoproduction reaction p ! p is ideal
in this regard, since the reaction provides an ‘‘isospin
filter’’ to the nucleon response, as N final states can
originate only from isospin I  1=2 systems. While the
S111535 nucleon resonance is known to dominate the
reaction near threshold, measurements of the differential
cross sections with broad coverage of scattering angle and
center-of-mass energy W can provide insight into which
other resonances couple to N final states. But in recent
studies of  photo- and electroproduction [8–11], only
two [10,11] were conducted at energies high enough to
excite resonances with masses significantly above the
region of the S111535 resonance. Furthermore, since
nucleon resonances are wide (  100–300 MeV) and in-
terfere with each other, more information concerning any
higher mass resonances is needed even to understand the
S111535 better. Finally, the existing data used for nu-
cleon resonance searches are dominated by 	N experi-
ments. Poorly known resonances with small couplings to
the 	N channel might be seen more clearly in an N
experiment.
We report here differential cross sections for p ! p
for incident laboratory photon energies E in 24 bins
from E  775 25 to 1925 25 MeV [12]. This pho-
ton energy range corresponds to W from 1.51 to 2.13 GeV,
overlapping existing data and greatly extending coverage
in W and cosc:m:, where c:m: is the meson scattering
angle in the center of mass. The measurements were
obtained with the CEBAF Large Acceptance
Spectrometer (CLAS) [13,14] and the bremsstrahlung
photon tagger [15] at the Thomas Jefferson National
Accelerator Facility (Jefferson Lab). The energy of the
electron beam impinging on the radiator of the photon
tagger was 2.49 GeV. The event trigger required detection
of a scattered electron in the photon tagger focal plane in
coincidence with a charged particle detected in CLAS.
The tagged photon beam was incident on a liquid
hydrogen target placed at the center of CLAS. This
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cryogenic target, 18 cm in length, was enclosed by a
scintillator array that detected the passage of charged
particles into CLAS from the target [16]. This array,
coupled with the time-of-flight array [17] of CLAS and
accelerator radio-frequency information, allowed the ve-
locity of the scattered charged particles to be determined.
Tracking of the charged particles through CLAS by the
drift chamber system [18] provided a determination of
their momentum and scattering angle.
Photoproduced mesons were identified using the recoil
proton information from CLAS to determine the missing
mass, assuming the reaction p ! pX. Using this ap-
proach, multiple scattering of the recoil protons in the
target and CLAS detector materials limited usable data
for the reaction p ! p to photon energies above
750 MeV (W  1:51 GeV) and center-of-mass scattering
angles in the range 0:8 	 cosc:m: 	 0:8. As seen in the
missing mass spectrum in Fig. 1, the resolution obtained
is sufficient to clearly identify the 	0, , 
!, and 0
meson peaks, the latter three peaks atop a multipion
background. This same spectrum was binned in proton
center-of-mass scattering angle and photon energy in
order to extract yields for 	0, , and 0 mesons for each
angle/energy bin. (While we report here cross sections for
 meson photoproduction, results for 0 will be presented
elsewhere.) Background subtraction was performed as-
suming a mixture of two- and three-pion contributions
[12]. This subtraction, an example of which is shown in
the inset in Fig. 1, was unambiguous in all cases.
The proton detection efficiency for CLAS was mea-
sured empirically using the reaction p ! p	
	
[12,19]. With this reaction, for a given set of momenta
and angles for the two charged pions and a given incident
photon energy, the proton momentum and scattering
angle are uniquely determined. With this kinematical
information for the charged pions, a three-body final
state missing mass reconstruction was used to determine
if a proton should have been detected in CLAS in a
particular spectrometer laboratory phase-space volume.
The presence of a proton in that volume yielded an
empirical measure of the momentum-dependent proton
detection efficiency for that volume. Efficiency uncer-
tainties, dominated by the statistical uncertainty in the
number of protons scattered and detected in each phase-
space bin, were determined for each bin, and were gen-
erally from 2%–3% at the lowest energies and to
6%–7% at the highest energies.
With these empirical detection efficiency measure-
ments and the yields for each bin from the missing mass
reconstruction for p ! pX, photoproduced 	0, , and
0 yields for each bin were converted into relative cross
sections. Absolute normalization of these relative cross
sections was performed by normalizing the measured
relative cross sections for 	0 photoproduction to the
SAID partial wave analysis parametrizations for pion
photoproduction [4]. This SAID analysis incorporates
many observables for all channels of pion photoproduc-
tion, and provides an estimated normalization uncer-
tainty of 3% for all photon energies below 2 GeV. A fit
of the measured relative differential cross sections for 	0
photoproduction at each energy to the SAID values
yielded a single multiplicative constant establishing the
absolute normalization at that energy. This same fit pro-
vided an additional check on the empirical CLAS detec-
tor response by comparison of the predicted SAID shape
to the measured relative angular distribution; in all cases
the comparison indicated the angular distributions were
within uncertainties. Statistical uncertainties in the nor-
malization arising from this single parameter fit were
typically less than 3%. Combining this statistical uncer-
tainty with an estimate of the uncertainty in the SAID
parametrizations, overall normalization uncertainties
were estimated to range from 3%–7%, rising with photon
energy.
The resulting differential cross sections are shown in
Figs. 2 and 3. Existing measurements at approximately
the same E from TAPS [8] and from GRAAL [11] are
shown for comparison in Fig. 2. In general, agreement is
very good. Since the cross section falls rapidly beyond the
peak of the S111535 resonance, most differences in
Fig. 2 between previous work and our results are likely
due to small differences in incident photon energy.
To estimate total cross sections from these data, an
extrapolation to unmeasured angular regions must be
made. Such an extrapolation is very sensitive to the
physics incorporated in modeling the reaction. An isobar
model for  photo- and electroproduction (ETA-MAID)
[3] was used here to guide the necessary extrapolation of
our data to unmeasured angular regions. Reference [3]
used the differential cross sections for  photoproduction









































FIG. 1. Missing mass spectrum for p ! pX for this experi-
ment, summed over all energies and angles. Various meson
peaks are indicated. Inset: Same spectrum binned in photon
energy (0:875 0:025 GeV) and angle (0:0 	 cosc:m: 	 0:2),
showing the background fit discussed in the text.
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reported in Refs. [8,11], polarization observable measure-
ments on the same reaction [22], and electroproduction
measurements reported in Refs. [9,10], to arrive at pa-
rameters for their multiple s-channel resonance model,
which included contributions from Born terms and vector
meson exchange. The data were described well using the
D131520, S111535, S111650, D151675, F151680,
D131700, P111710, and P131720 resonances, with
values for masses and widths of the resonances in good
agreement with accepted values [1].
For this work, the ETA-MAID fit has been performed
again [20], with our differential cross sections added to
the data set used previously. The preliminary results of
this new fit are compared with our data in Figs. 2 and 3
(solid lines). This refit ETA-MAID model (REM) gener-
ally reproduces the shapes of the observed cross sections
quite well, including the forward peak seen at the highest
energies, usually interpreted to be due to t-channel pro-
cesses. However, while the predicted shapes mimic those
observed, the new calculations fall below the differential
cross sections reported here around W  1:85 GeV, and
are above the data at W  1:9 GeV.
Since the differential cross section shapes from REM
are similar to those observed here, these shapes were used
to approximate the differential cross section for regions
beyond our angular coverage in order to make total cross
section estimates est at each photon energy. Each est
was obtained by first estimating contributions outside our
angular coverage with the shape of the REM results,
renormalized by a multiplicative constant to best fit our
data exclusively at each energy. These contributions out-
side our measured region were then added to the sum of
our measured differential cross sections to obtain est,
shown in Fig. 4. The statistical uncertainty shown in Fig. 4
is that for the measured contributions to est. The system-
atic uncertainty shown is the combined normalization
uncertainty noted above and the uncertainty in the multi-
plicative constant for the REM shape, assuming the
shapes used accurately model the differential cross sec-
tions. The extrapolated portions of the angular distribu-
tions are 15%–30% of est. In general, these estimates
agree well with previous measurements, though they dis-
agree significantly with the GRAAL published values at
the highest energies reported there. Much of this discrep-
ancy is due to the extrapolation procedure used in
Ref. [11]. The agreement between the REM predications
and these est values is similar to the comparison noted
above for the differential cross section, though the dis-
agreement above W  1:75 GeV is more apparent.
As noted above, attention has turned towards using
quark-based approaches for understanding meson photo-
and electroproduction. As an example, Saghai and Li
[23,24] have used a chiral constituent quark model
(QM), based on an SU6  O3 symmetry broken by
gluon exchange interactions, to determine nucleon reso-
nance quark wave functions and to study decays to vari-
ous channels. Their approach has been applied to 
photoproduction [23], using the set of resonances noted
above in the ETA-MAID model and the P111440,
FIG. 3. Cross sections for p ! p reported in this work
for photon energies from 1175 25 to 1925 25 MeV.
Uncertainties and curves as in Fig. 2.
FIG. 2. Cross sections for p ! p reported here for photon
energies from 775 25 to 1125 25 MeV. Statistical uncer-
tainties are shown. Other results from TAPS [8] and GRAAL
[11] are shown for comparison. Also shown are results from the
REM [20] (solid line) and QM [21] (dashed line) models.
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P131900, and F152000 resonances. The data set inves-
tigated included the data used for the original ETA-
MAID work, plus polarized target asymmetry data for
 photoproduction from ELSA [25]. Good agreement
with this data set was obtained, but the results were
consistent with the broken SU6  O3 symmetry only
if an additional S11 resonance, not predicted by the quark
model, was present at W  1:7–1:8 GeV. A third S11
resonance near W  1:8 GeV has been suggested by
others [5,26,27], though the evidence is not strong. This
resonance is near where the REM predictions fall below
our data.
In preliminary calculations [21], the QM has been
extended to fit their original data set and our results. The
resulting fit is shown in Figs. 2– 4 (dashed curve). These
preliminary results are generally in good agreement with
data for W 	 1:9 GeV. The inclusion of the third S11
resonance in these preliminary calculations, with a
mass 1.79 GeV and width of 250–350 MeV, markedly
improved the fit to our data [21]. The QM agreement
with our data around W  1:85 GeV is considerably bet-
ter than with the REM calculation, which lacks this third
S11 resonance. (The agreement with est would be even
better had the QM results been used to make the est
extrapolations rather than the REM predictions.) How-
ever, above W  1:9 GeV, the QM shapes are inconsis-
tent with the peak at forward angles in the differential
cross section as the energy increases. This disagreement
suggests, for instance, resonances in addition to those
included in Ref. [23] may be needed, and t-channel con-
tributions not incorporated directly in that model may
also be important.
Our differential cross section data taken with the QM
predictions, thus, also provide hints of a third S11 reso-
nance, with a mass near 1.8 GeV coupling to the N
channel. However, a stronger case for that resonance
must include simultaneous predictions of more observ-
ables for this reaction and other channels. Last, the failure
of the QM above 1.9 GeV to match our data here also
provides evidence that resonances beyond those presently
included in the QM calculations may also couple to the
N channel. More data on this process, including mea-
surements of spin observables, are essential to resolving
these issues.
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